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ABSTRACT: The medium-range order of 0.5Al2O3−xSiO2 glasses (1 ≤ x ≤
6) prepared via a new sol−gel route from the Al lactate precursor has been
studied by 29Si and 27Al single- and double-resonance solid-state NMR
techniques. For high-alumina samples Si−O−Al connectivities are detected by
29Si MAS NMR as well as by 29Si{27Al} rotational echo adiabatic passage
double-resonance (REAPDOR) spectroscopy. To boost the signal-to-noise
ratio, the REAPDOR experiment was combined with a Carr−Purcell−
Meiboom−Gill (CPMG) echo train acquisition. While all ﬁve silicon units
Q(4)mAl (0 ≤ m ≤ 4) are detectable in appreciable concentrations for x = 1, the
spectra indicate that the average number of Al species bound to silicon, ⟨mAl⟩,
gradually decreases toward higher x values, as expected. The 27Al MAS NMR
spectra reveal four-, ﬁve-, and six-coordinated aluminum in these glasses. For x
≥ 3, the Al species detected are essentially independent of sample composition
indicating a constant structural environment of Al. In contrast, for x = 1 and 2, an increase in the 27Al isotropic chemical shifts
suggests an increasing number of Al···Al proximities. Consistent with this ﬁnding, two-dimensional 27Al−27Al double-quantum/
single-quantum correlation spectroscopy reveals spatial proximities among and between all types of aluminum species present.
On the basis of the complementary evidence from these single- and double-resonance experiments, a model for the medium-
range order of these glasses is developed.
■ INTRODUCTION
It has been widely recognized that the dispersal of rare-earth
ion emitters in silica-based ﬁber glasses can be substantially
improved by adding alumina to the glass formulations.1−4
Despite this progress, a uniform dispersion of large rare-earth
ion concentrations is still diﬃcult to obtain in Al2O3−SiO2
glasses prepared by melt-quenching techniques, as these glasses
tend to phase separate and very high melting temperatures
(∼2000 °C) are required. Sol−gel preparation may oﬀer an
attractive alternative and has been widely applied for the
preparation of silica−alumina glasses.5−19 Still, an important
recurring issue in these preparations is the homogeneity and
transparency of the materials obtained, avoiding phase
separation and crystallization processes. Aluminum lactate has
been found to be a very convenient alumina precursor for the
preparation of highly homogeneous alumina-containing glasses
in numerous nonsiliceous systems.20−22 The particular success
of these routes is based on the chelation properties of the
lactate ligands, allowing for sensitive control of homogeneity
and transparency of the gels via the pH value of the solution.
Recently, we have developed a new lactate-based sol−gel route
toward transparent glasses in the binary SiO2−Al2O3 system.
23
The method is found to be applicable over a wide composition
range, and the materials obtained exhibit an attractive
mesoporous structure. Using solid-state nuclear magnetic
resonance (NMR) techniques, the conversions occurring
from the sol to the gel to the glassy states have been monitored
in detail, giving insights into the structural evolution associated
with these transitions.23 Although no phase separation could be
detected on the micrometer scale by scanning electron
microscopy, segregation on the nanoscale is still a possibility
and not eﬃciently probed by this method. Due to the beneﬁcial
eﬀect of Al3+ on the dispersal of rare-earth ions, the high
thermal stability of Al2O3−SiO2 glasses, and the catalytic
activity of porous materials, the local structure of such materials
has received much attention;11,14 however, to date, no
molecular-level structural concepts have emerged for their
short- and medium-range order. As previously demonstrated,
nuclear magnetic resonance techniques, in particular those
measuring homo- and heteronuclear magnetic dipole−dipole
interactions, prove to be more sensitive to such eﬀects and have
been widely applied for the study of phase separation eﬀects in
glasses.24,25 In the present contribution we report the
application of advanced single- and double-resonance techni-
ques sensitive to the strength of 29Si−27Al and 27Al−27Al
magnetic dipole−dipole interactions to probe the structural
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organization and spatial atomic distributions of these glasses.
On the basis of these complementary experiments and
additional results from single-pulse NMR, we test diﬀerent
atomic distribution scenarios for binary Al2O3−SiO2 glasses in a
quantitative fashion.
■ MATERIALS AND METHODS
Sample Preparation and Characterization. Samples
along the composition line 0.5Al2O3−xSiO2 (x = 1, 2, 3, 4, 5,
6) were synthesized from aluminum lactate (98% Fluka),
tetraethylorthosilicate (TEOS) (99%, ABCR), and NH3 (2 M).
The synthesis was carried out by dissolving 1.34 mL of TEOS
in 5 mL of isopropanol, followed by addition of the desired
quantity of aluminum lactate dissolved in 25 mL of distilled
water. The pH value of the mixture was adjusted to 3.8−4.3
with ammonia solution and controlled within 0.01 units by a
pH meter (WTW pH 320, Germany). After stirring overnight,
the resulting clear solution was spread onto a ﬂat surface and
then gelled at 50 °C for 7 days, leading to the formation of
transparent bulk xerogel. The xerogel was heated at 100 °C for
2 days and at 200 °C for 1 day and ﬁnally converted into
transparent glass by sintering at 650−700 °C for several hours.
The amorphous state was proven by X-ray powder diﬀraction
(XRD) using ﬁltered (Ni) Cu Kα radiation in Bragg- Brentano
geometry on a Bruker D8 Advance (Germany) diﬀractometer
(diﬀraction angle scanning range 10° ≤ 2θ ≤ 70°) (see
Supporting Information, Figure S1), and upon annealing at
1300 °C for 5 h crystalline mixtures of mullite and silica
(cristobalite, low) were obtained (see Supporting Information,
Figure S1). Scanning electron microscopy using an Auriga
Modular Crossbeam, Carl Zeiss microscope combined with
random-spot elemental analysis via X-ray ﬂuorescence did not
indicate compositional heterogeneity on the length scale of 1
μm. Diﬀerential thermal analysis data reveal exothermic events
near 950 °C, associated with the crystallization of mullite.23
Transmission electron microscopy (TEM) experiments,
conducted on a Zeiss Libra 200 microscope, operated at 200
kV, reveal no morphological heterogeneities in the glassy
materials and domain sizes of 20−30 nm for the crystallized
samples (see Supporting Information, Figure S2). N2
absorption−desorption isotherms of calcined (650 °C) samples
measured at 77 K on a volumetric adsorption analyzer
(Micromeritics ASAP 2010) reveal type IId mesoporous
behavior and surface areas between 400 and 500 m2/g. Details
are reported elsewhere.23
NMR Studies. NMR measurements were carried out at
magnetic ﬁeld strengths of 11.7 and 7.04 T. 27Al MAS NMR
spectra were acquired at the resonance frequency of 130.2
MHz, using a Bruker DSX-500 spectrometer equipped with a 4
mm MAS NMR probe operated at a rotor frequency of 14.0
kHz. Typical pulse lengths were 0.5 μs (30° solid ﬂip angle).
29Si MAS NMR spectra were acquired at a resonance frequency
of 39.8 MHz on a Bruker DSX-200 spectrometer using a 4 mm
MAS NMR probe operated at a rotor frequency of 8.0 kHz
(90° pulses of 5.5 μs), using relaxation delays of 1000 and 240
s, respectively, for crystalline and glass samples. Reported 27Al
and 29Si chemical shifts are referenced to an aqueous solution
of Al(NO3)3 (1 M) and liquid tetramethylsilane (TMS),
respectively. The 27Al quadrupolar coupling parameters PQ =
CQ(1 + η
2/3)1/2 and the isotropic chemical shifts δcs
iso were
measured with the triple-quantum magic angle spinning (TQ-
MAS) method using the three-pulse z-ﬁltering variant,26,27 at a
spinning frequency of 14.0 kHz. The ﬁrst two hard pulses and
the third soft pulse corresponded to nutation frequencies of
111 and 14.7 kHz, respectively, for a liquid sample. The
optimized pulse lengths for the three consecutive pulses were
3.2, 1.0, and 9.5 μs, respectively. Typically 864 transients were
accumulated for each TQ-coherence evolution time t1, and a
total of 128 increments were done at steps of 8.9 μs. The
sheared spectra were analyzed by projecting the contour plot
for each individual site onto the F1 and F2 dimensions. PQ and
δcs
iso values were calculated from the centers of gravity of these
projections using established procedures.28
The connectivity between and among the various aluminum
species was explored by 27Al single-quantum/double-quantum
correlation spectroscopy. This experiment is based on the
recoupling of homonuclear 27Al−27Al dipole−dipole inter-
actions by stimulating double-quantum coherences via
symmetry-based pulse sequence schemes (see Figure 1). In
the present study, the BR22
1 pulse scheme developed by Wang
et al.29 is used for this purpose. The experiment was carried out
on a Bruker DSX-400 spectrometer equipped with a 4 mm
MAS probe operated at 14.0 kHz. Both the excitation and
reconversion times were set to 857.2 μs. The central transition
selective π pulse and reading π/2 pulse were set to 40 and 20
μs, respectively. The rotor-synchronized increment interval in
the indirect dimension t1 was set to 71.43 μs, and the two-
dimensional data sets consisted of 32 points in t1 and 512
points in t2. 15 232 and 30 464 FIDs were acquired for each
increment with a recycle delay of 0.2 s. The k value is set to
0.25, giving a chemical shift scaling of 0.5. Following double
Fourier transformation the correlated signals are displayed at 1/
2 of the sum of their chemical shifts in the F2 dimension.
Because of serious signal-to-noise limitations, interpretable
results could only be obtained for samples with x = 1 and 2.
The connectivity between the silica and alumina species was
studied by 29Si{27Al} rotational echo adiabatic passage double-
resonance (REAPDOR)30 experiments. These were carried out
on a Bruker DSX-500 spectrometer equipped with a 4 mm
triple resonance probe operated at a spinning rate of 8.0 kHz, at
excitation frequencies of 99.362 and 130.335 MHz for 29Si and
27Al, respectively. The 29Si 90° and 180° pulse lengths were 6.5
and 13.0 μs, respectively, at a nutation frequency of 38.5 kHz.
27Al dipolar recoupling pulses of 41.7 μs length (1/3 rotor
period) were applied at the center of the pulse sequence. The
27Al nutation frequency in these experiments was 23.8 kHz for a
Figure 1. 2Q−1Q correlation spectroscopy pulse sequence using the
homonuclear dipolar recoupling BR22
1 scheme. (a) Pulse sequence:
the k value is 0.25; all the pulses are central transition selective; (b) the
selected coherence transfer pathway.
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liquid sample. The signal-to-noise ratio was enhanced by
acquiring the 29Si signals via Carr−Purcell−Meiboom−Gill spin
echo trains (REAPDOR-CPMG, see Figure 2).31 The delay
time τ for echo formation was set to 1.25 ms. To assess the
extent of the dipolar dephasing, two experiments with
recoupling times of 1.25 and 2.0 ms were done, coadding
2048 scans at a relaxation delay of 60 s. The saturation comb
was used to start each acquisition with a reproducible stationary
magnetization. Experimental conditions were optimized on a
29Si-enriched glassy NaAlSiO4 sample.
■ RESULTS, DATA ANALYSIS, AND
INTERPRETATION
29Si MAS NMR. Figure 3a shows the 29Si MAS NMR spectra
of the glass samples annealed at 650 °C for 5 h, and Figure 3b
shows the spectra after crystallization at 1300 °C. For the
glasses, broad asymmetric lineshapes are observed, revealing the
contribution of multiple Q(4)mAl components, where m means
the number of Si−O−Aln linkages per silica and n gives the
number of Al atoms attached to that oxygen atom (n = 1 for
two-coordinate oxygen and n = 2 for three-coordinate oxygen).
For the samples in the high-silica region (6 ≥ x ≥ 3) only
gradual changes are observed in the spectra. Clearly, the
dominant peak near −108 ppm can be assigned to Q(4)0Al units.
The spectra are asymmetrically broadened toward higher
frequencies, suggesting further contributions near −101 and
−95 ppm. We assign these signals to Q(4)mAl units (m = 1 and
2) rather than to silicon species with one or two terminal
hydroxyl groups (Q(3) and Q(2) units, respectively), as the
spectra look unchanged for samples freshly heat treated for 24
h at 200 °C for SiOH group removal. In addition, proton
quantiﬁcation experiments by 1H MAS NMR indicate that the
maximum contribution arising from hydroxylated silicon
species is comparable to the experimental uncertainty (±5%)
in the area fractions obtained by deconvoluting these
resonances into the various Q(4)mAl components present (see
further discussion below and Supporting Information, Figure
S3). As x decreases, the spectral intensity at higher frequencies
increases successively. This is particularly noticeable in samples
with x = 2 and 1, giving clear evidence of Si−O−Al linking.
Note that the spectra diﬀer signiﬁcantly from those of the
crystallized materials where the silicon distribution is clearly
bimodal, consisting of Q(4)4Al units (from mullite) and Q
(4)
0Al
units (from low-cristobalite).
Aside from chemical shift spectroscopy, the 29Si−27Al
magnetic dipole−dipole interactions can serve as a useful
probe of Si−O−Al connectivity in silica−alumina networks. In
the present study, we address this issue by 29Si{27Al} rotational
echo adiabatic passage (REAPDOR) experiments,29 where the
dephasing of transverse 29Si magnetization is being measured in
the dipolar ﬁeld of nearby 27Al nuclei under MAS conditions.
To this end, the magnetic 29Si−27Al dipole−dipole coupling is
recoupled into the MAS Hamiltonian by the adiabatic pulses
applied to the 27Al spins in the middle of the rotor period (see
Figure 2). The relevant pulse sequence parameters were
optimized on a 29Si-enriched sample of nepheline in which each
silica has four Si−O−Al1 connectivities. Figure 4 shows the
Figure 2. Pulse sequence used for recording 29Si{27Al} REAPDOR-
CPMG echo trains.
Figure 3. Composition dependence of the 29Si MAS NMR spectra in (a) glassy 0.5Al2O3−xSiO2 samples (1 ≤ x ≤ 6); (b) crystallized samples with
compositions (x = 1, 3, and 6).
Figure 4. 29Si{27Al} REAPDOR experiments on a 29Si-enriched
nepheline sample. Experimental REAPDOR diﬀerence curves, using
both standard and CPMG acquisition and comparison with simulated
data for various spin cluster models, using PQ(
27Al) = 3.7 MHz.
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experimental REAPDOR curve, where the normalized 29Si spin
echo diﬀerence signal ΔS/S0 is measured in the presence (S)
and in the absence (S0) of the
27Al dipolar recoupling pulse as a
function of dipolar recoupling (mixing) time NTr (N = number
of rotor cycles, Tr = length of the rotor period). The
experimental data are compared with simulated curves (using
the SIMPSON program32) for two-, three-, four-, and ﬁve-spin
systems, corresponding to the interaction of the Si atom with
one, two, three, and four surrounding Al atoms at a distance of
3.22 Å (Si···Al distance in nepheline), assuming a pseudote-
trahedral coordination geometry. These simulations are based
on an 27Al nuclear electric quadrupolar coupling parameter PQ
of 3.70 MHz, which was measured separately by 27Al TQMAS-
NMR on glassy nepheline.33 Because of the excessively long
times needed for the rigorous calculation of the ﬁve-spin system
case, we approximated the REAPDOR curve by the relevant
polynomial in fourth order of the dipolar mixing time; for this
reason the simulated curve does not describe the correct
behavior for ΔS/S0 values larger than 0.5. Despite this
approximation, the experimental data agree very well with the
initial part of the simulated curve. As for the glasses of the
present study, the low natural abundance of 29Si and the
relatively long spin−lattice relaxation times pose a signiﬁcant
challenge for 29Si{27Al} REAPDOR experiments, and the
experiment is modiﬁed by acquiring the 29Si NMR signals via
a Carr−Purcell−Meiboom−Gill spin echo train (REAPDOR-
CPMG), resulting in a signiﬁcant enhancement of signal-to-
noise ratio. The Fourier transforms of the CPMG-type spin
echo trains result in “spikelet spectra”, the intensity proﬁles of
which mark the envelope of the inhomogeneously broadened
spectra.31 Figure 4 shows the validation of this approach on the
labeled nepheline sample, resulting in an essentially identical
REAPDOR curve as observed in the case of the standard
REAPDOR measurement.
Despite the gain in signal-to-noise ratio realized with
REAPDOR-CPMG, the long spin−lattice relaxation times in
the glassy samples still preclude the measurement of full
REAPDOR curves, and only two data points at the dipolar
evolution times of 1.25 and 2.0 ms were measured. As shown in
Figure 5, the spikelet intensity measurements are also a
convenient means of monitoring the dependence of dipolar
dephasing strength on chemical shift. Dephasing is most
intense for the spikelets at −87.8 and −83.8 ppm. (As these
peaks have rather low intensities we analyzed the sum peak
intensities in this case.) Figure 5 illustrates that the dephasing
of the spikelets clearly decreases with decreasing resonance
frequency as expected, and this tendency becomes more
pronounced at the longer evolution time. The signals near
−83.8/−87.8 and −91.8 ppm show the strongest dephasing.
The experimental data are compared with appropriate spin
cluster simulations, based on the experimental 27Al PQ value of
4.96 MHz (average value for Al(IV), Al(V), and Al(VI) sites, as
determined by TQMAS, see below). The comparison illustrates
that these Si species dephase even more rapidly than predicted
for a Q(4)4Al unit (ﬁve-spin system
29Si(27Al)4 in nepheline).
This is not unexpected, as the charge balance requirements
posed by these units (see below) require the close proximity of
additional Al3+ ions, presumably in ﬁve and/or six coordination.
Figure 5. 29Si{27Al} REAPDOR-CPMG spectra of glass samples with composition 0.5Al2O3−1SiO2 at dipolar recoupling times of (a) 1.25 ms and
(b) 2.0 ms; (c) the comparison between experimental results and simulated data for diﬀerent spin cluster models (see text). Simulations are based on
a PQ(
27Al) value of 4.96 MHz.
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The signal at −95.8 ppm is dominated by Q(4)2Al units (three-
spin system), and the dephasing of the signals near −103.8 and
−99.8 ppm corresponds to that expected for a Q(4)1Al unit
(two-spin system). Finally, the spikelets near −115.8, −111.8,
and −107.8 ppm show a near-zero REAPDOR eﬀect, consistent
with their assignment to Q40Al units. While the chemical shift
assignments are generally consistent with those previously
made in zeolites,34 we must emphasize the approximate
character of this analysis conducted here. No distinction has
been made between silicon atomic proximities and distances to
either Al(IV) or Al(V) or Al(VI) units, respectively, and siloxyl
species might still contribute to some minor extent to the
spectra of these glasses. Bearing in mind these caveats, we can
deconvolute the 29Si MAS NMR spectra for all the samples into
the individual Q(4)mAl contributions (see Figure 6a−f, Table 1),
assuming that the line shape parameters (chemical shifts and
line widths) for these individual species do not depend on x. As
discussed further below, these data contain quantitative
information regarding the Si−O−Aln vs Si−O−Si and Al−
O−Aln connectivity distribution which can be discussed on the
basis of various distinct structural scenarios.
Local Environment of Aluminum as a Function of
Composition. Figure 7 shows the 27Al MAS NMR spectra of
the glassy and crystallized samples with diﬀerent compositions.
The spectra of the glass samples show three broad asymmetric
signals attributable to Al(IV), Al(V), and Al(VI) environments,
while the spectra of the crystallized samples invariably show
mullite as the only Al-containing material. The most signiﬁcant
diﬀerence of the spectra observed in the glassy materials, as
compared to those of other sol−gel prepared Al2O3−SiO2
glasses,16,17,35−42 is the presence of high levels of ﬁve-
coordinate aluminum. In this respect the spectra are similar
to those obtained on glasses prepared by fast melt cooling or
spray pyrolysis suggesting a similar structural arrangement.43−49
On the basis of spectroscopic comparisons with sillimanite
(Al2SiO5, Al(IV) and Al(VI) sites)
50 and andalusite (Al2SiO5,
Al(V) and Al(VI) sites)51 Sen and Youngman have proposed
that the local Al environments in such glasses may be similar to
those found in the latter two crystalline phases.46 As discussed
Figure 6. Deconvolution of the 29Si MAS NMR spectra of glass samples using Gaussian components (dashed lines). (a) x = 1; (b) x = 2; (c) x = 3;
(d) x = 4; (e) x = 5; (f) x = 6. The Gaussian components correspond to the individual lineshapes of the Q(4)mAl species (m = 0, 1, 2, 3, and 4,
respectively).
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below in more detail, the compositionally segregated glasses
with higher Al contents (x < 3) might be envisioned to
resemble mixtures of amorphous sillimanite- and andalusite-like
domains, and even a mullite-like (Al4SiO8, Al(IV) and Al(VI)
sites) precursor phase might contribute to the aluminum
inventory of these glasses. Figure 8 reveals that the resolution of
these 27Al NMR spectra can be substantially enhanced by TQ-
MAS NMR, and the corresponding 27Al line-shape parameters
deduced from such measurements are included in Table 2. The
quadrupolar coupling parameters obtained by this analysis are
not singular-valued but rather subject to a wide distribution of
values, resulting in characteristic asymmetric lineshapes and
sloped 2-D NMR spectra for each individual spectral
component. Using a mathematical modeling approach53 for
deconvoluting the overlapping components of the three distinct
aluminum coordination environments, quantitative Al species
concentrations can be extracted (see Table 2). The results
indicate that these fractions are found essentially independent
of composition of the glasses. There are, however, monotonic
changes in the 27Al isotropic chemical shifts as a function of Si/
Al ratio: while δcs
iso of the Al(IV) species is close to 60 ppm in
the samples with Si/Al = 3 to 6, it moves to 68 ppm in the
sample with Si/Al = 1. Similar (albeit weaker) chemical shift
trends are observed for the Al(V) and Al(VI) species. Note
again that no changes are observed in the 27Al NMR spectra of
the crystallized samples (Figure 7b), indicating that crystalline
mullite is the only Al-bearing species in these samples,
regardless of bulk composition. In detail, these results suggest
that the second coordination spheres of the various Al species
in the Al-rich domains are constant in the limit of low bulk Al
contents (i.e., in the high silica samples with x ≥ 3), whereas
they become more aluminum-rich in samples with higher bulk
Al contents (x ≤ 2).
To monitor the changes in the second coordination spheres
of the various Al species and gain more insight into their
connectivities, 2-D NMR techniques sensitive to homonuclear
27Al−27Al magnetic dipole−dipole interactions are suitable.
Figure 9 shows the results of a single-quantum/double-
quantum correlation experiment conducted on crystalline
mullite (sample 1 after crystallization) and on the glassy
samples with x = 1 and 2. The spectrum shows all the
correlation crosspeaks expected from the crystal structure. The
spectroscopic assignments of the various 27Al signals to the
crystallographically distinct sites in mullite have been discussed
in the literature.54,55 Regarding the interpretation of Figure 9,
the asymmetric shape of the cross-peaks suggests that the
regular Al(IV) sites, which have an isotropic chemical shift of
67 ppm, are clearly linked to the regular Al(VI) sites associated
with the relatively sharp signal at the isotropic chemical shift of
5 ppm (1-D cross-section shown at the DQ frequency of 29.5
ppm). Furthermore, the 2-D spectra also prove a strong
correlation of the lower-frequency Al(IV) resonances associated
with the oxygen deﬁciencies (isotropic chemical shifts at 53 and
44 ppm) with the low-frequency tail (resonance shift near −10
ppm) of the Al(VI) signal attributed to six-coordinate
aluminum (1-D cross-section shown at the DQ frequency of
18.5 ppm). With regard to the glassy materials, Figure 9
indicates that in the samples with x = 1 and 2 all the signals
show correlations among themselves and with each other,
indicating that the samples contain Al(IV), Al(V), and Al(VI)
units that are in intimate contact and close proximity. This
result rules out a description of the Al-containing glassy
precursor phase as an exclusive superposition of andalusite-like
and sillimanite-like domains, as for such a scenario no Al(IV)−
Al(V) cross-peak would be expected in the SQ/DQ correlation
spectrum. Figure 9 clearly proves that close atomic level
proximities can be found between Al species in any of the three
coordination states. Similar results (albeit with lower signal-to-
noise ratios) were obtained in the 27Al SQ/DQ correlation
spectra of samples with x ≥ 3 (see Supporting Information,
Figure S4), giving deﬁnitive evidence for Al−O−Aln con-
nectivities in samples with x ≥ 3. Still, improving detection
sensitivity for 27Al-DQ spectroscopy in weakly coupled samples
will remain an important challenge for future studies.
■ DISCUSSION
Structural Organization of 0.5Al2O3−xSiO2 Glasses
and Aspects of the Glass-to-Crystal Transition. Figures 3
and 7 clearly document the pronounced spectroscopic changes
occurring during the glass-to-crystal transition, suggesting
signiﬁcant restructuring of the silica−alumina network.
Regardless of bulk composition, and even in glasses with high
Si/Al ratios (6:1), all of the aluminum present is expelled from
the network and sequestered into mullite (for which the Si/Al
ratio can vary between 0.25 and 0.33) when annealed at 1300
°C. On the basis of these facts, the question arises as to whether
the spatial atomic distribution of 0.5Al2O3−xSiO2 glasses can
be envisioned as random/homogeneous continua or to which
Table 1. Deconvolution Parameters of 29Si MAS NMR
Spectra from 0.5Al2O3−xSiO2 Glasses and the Calculated
Average Si−O−Aln Connectivity ⟨mAl⟩ per Silica According
to the Deconvolution of the 29Si Spectra
x Si units
chemical shift/
ppm (±0.5)
peak width/ppm
(±0.5)
f n/%
(±5%)
⟨mAl⟩
(±15%)
1 Q(4)0Al −107.4 12 45 1.23
Q(4)1Al −100.6 7.8 19
Q(4)2Al −95.9 7 15
Q(4)3Al −91.5 6.5 11
Q(4)4Al −85.8 7.3 11
2 Q(4)0Al −107.0 12 50 1.03
Q(4)1Al −100.6 8.0 20
Q(4)2Al −95.6 6.9 15
Q(4)3Al −91.3 6.6 8
Q(4)4Al −86.5 6.9 7
3 Q(4)0Al −107.1 12 54 0.88
Q(4)1Al −101.0 7.6 20
Q(4)2Al −95.7 6.9 15
Q(4)3Al −91.3 6.6 7
Q(4)4Al −86.5 7.0 5
4 Q(4)0Al −107.0 12 62 0.74
Q(4)1Al −100.4 7.6 16
Q(4)2Al −95.7 6.9 12
Q(4)3Al −91.2 6.6 8
Q(4)4Al −85.2 7.0 3
5 Q(4)0Al −106.9 12.2 66 0.60
Q(4)1Al −100.4 7.3 15
Q(4)2Al −95.9 6.9 13
Q(4)3Al −91.3 6.6 4
Q(4)4Al −86.2 7.0 1
6 Q(4)0Al −107.1 12.4 71 0.50
Q(4)1Al −100.3 7.5 14
Q(4)2Al −95.8 6.9 9
Q(4)3Al −91.2 6.9 5
Q(4)4Al −86.2 7.0 0
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extent they already consist of compositionally segregated
domains. The NMR data obtained in the present study give
some clear and quantitative answers in this regard. Figures 3
and 6 illustrate that the silicon speciation in the glassy samples
is not bimodally deﬁned by Q(4)0Al units and Q
(4)
4Al units as in
the case of the crystallized samples but rather encompasses all
possible Q(4)mAl environments. Still, it would be interesting to
know whether the average numbers of Si−O−Al linkages per
silica, ⟨mAl⟩, reﬂected in these spectra are consistent with a
homogeneous structure or whether there is some extent of
segregation. The average quantity ⟨mAl⟩ is easily calculable from
the fractional species concentrations f n listed in Table 1, using
the formula
⟨ ⟩ = · + · + ·
+ ·
m f f f
f
4 (Q ) 3 (Q ) 2 (Q )
1 (Q )
Al
(4)
4Al
(4)
3Al
(4)
2Al
(4)
1Al
Figure 10 shows ⟨mAl⟩ as a function of composition, with
experimental error limits estimated from two completely
independent sets of experiments followed by line shape
analysis. The experimental values are compared against the
predicted ones according to some rather extreme scenarios: a
homogeneous dispersion model on the one hand (a) (green
dashed curve) and two chemical segregation scenarios,
corresponding to silica/sillimanite (b) (red dotted curve) and
silica/mullite (c) domains (black dashed-dotted curve) on the
other hand. Model (a)homogeneous (Si−O−Aln)m con-
nectivityis based on the view that each AlO3/2 unit will result
in the formation of three Si−O−Al linkages. This would be
Figure 7. Composition dependence of 27Al spectra in glass samples 0.5Al2O3−xSiO2 (1 ≤ x ≤ 6). (a) Spectra of glass samples; (b) spectra of
samples crystallized at 1300 °C for 5 h; and (c) and (d) deconvolution of 27Al MAS NMR spectrum from 0.5Al2O3−1SiO2 glass and crystalline,
respectively, using the Czjzek model.53 The deconvolution parameters are similar to those obtained from TQMAS, except the Al(VI) in (d), whose
wide low-frequency wing is not detected in TQMAS. The dotted lines show the components of the overall line shape deconvolution.
Figure 8. 27Al TQMAS NMR spectrum of 0.5Al2O3−1SiO2 samples: (a) in the glassy state and (b) following crystallization at 1300 °C. Asterisks
indicate the spinning sidebands.
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immediately obvious if Al were (unrealistically) viewed as a
network former in these binary glasses, with neutral three-
coordinate AlO3/2 units linking to SiO4/2 tetrahedra (such as is
the case in binary B2O3−SiO2 glasses). As will be explained
further below, the same is true for a more realistic ionic model
with Al3+ acting as a network modiﬁer. In this case each Al3+ ion
compensates the charge of three nonbridging oxygen atoms
that are created by breakage of 3/2 Si−O−Si linkages. The
homogeneous dispersion model then assumes that this
maximum value is reached: ⟨mAl⟩ = 3/x. In scenario (b) the
entire Al inventory is assumed to be present in sillimanite or
andalusite-like precursor domains (Si/Al = 0.5, all Q(4)4Al
units), while the remainder is present in the form of silica
(all Q(4)0Al units). This scenario predicts ⟨mAl⟩ = {4·0.5 + (x −
0.5)·0}/x = 2/x. Finally, in scenario (c), which corresponds
exactly to the situation after crystallization, all the Al is assumed
to occur in mullite-like precursor domains (Si/Al = 0.25, all
Q(4)4Al units), with the remainder again silica. Thus, the
predicted average value of ⟨mAl⟩ is given by ⟨mAl⟩ = {4·0.25 +
(x − 0.25)·0}/x = 1/x.
Figure 10 indicates that the homogeneous dispersion model
is in very good agreement with the NMR data in glasses with
high Si/Al ratios (x = 4, 5, and 6). In excellent agreement with
this concept, the 27Al isotropic chemical shifts measured for
these glasses are constant, suggesting that the second
coordination sphere of these Al species does not depend on
composition. Considering the coordination numbers (four, ﬁve,
and six) found in SiO2−Al2O3 glasses, locally stable bonding
conﬁgurations must be identiﬁed based on bond valence
considerations. This can be done by considering the fact that
the nonbridging oxygen atoms on the Si atoms can be linked to
either one or two Al species. Some simple examples are shown
in Figure 11. For example, a locally charge balanced Al(IV) unit
is linked to two three-coordinate and two two-coordinate O−
species as shown for the Al(IV)−Al(IV) dimer in Figure 11a. A
locally charge-balanced Al(V) unit is linked to four three-
coordinate and one two-coordinate O− species (Figure 11b),
while a locally charge balanced Al(VI) unit requires bonding to
six three-coordinate O− species (Figure 11c). The latter
conﬁguration is realized in sillimanite, for example. Finally,
Figure 11d shows a tetramer, in which one Al(VI) species is
associated with three Al(IV) units. This cluster is a
reformulation of a charge-balanced Al3+(AlO4
−)3 unit. Figure
11 illustrates further that, regardless of which Al coordination
number is realized, each Al2O3 unit results in six Si−O−Al
linkages, i.e., three per Al3+ ion. Such a kind of structure can be
expected in mullite, sillimanite, and andalusite. It also illustrates
that, as a consequence of the presence of three-coordinate
oxygen atoms, close Al···Al contacts are always expected, even
in the maximum dispersion limit. In this limit, the distribution
of 2- and 3-fold oxygen atoms in the ﬁrst coordination sphere
of Al(IV), Al(V), and Al(VI) leads to second nearest-neighbor
environments that contain always four, ﬁve, and six Si atoms
and up to two, four, and six aluminum atoms, respectively; the
latter number can be smaller if small clusters of the kinds
shown in Figure 11 are present. When some Si is replaced by
Al, diﬀerent tricluster aluminum structures and Al−O−Aln (n =
1 and 2) bonds can be formed. Larger numbers of Al atoms in
the second coordination sphere of aluminum constitute Al
segregation eﬀects, and this becomes evident for the higher
alumina-containing samples (x = 1, 2, and 3). For these
samples, Figure 10 indicates clear deviations from the
homogeneous dispersion model, signifying the formation of
additional Al−O−Aln linkages. Again this change is nicely
consistent with the 27Al chemical shift trend observed in this
composition region, reﬂecting a continuous evolution of the
second coordination spheres of the aluminum atoms. Does the
appearance of additional Al−O−Aln linkages truly signify an
increased segregation tendency beyond what is expected based
on statistical probability? We address this question by
Table 2. 27Al Isotropic Chemical Shifts δcs
iso (±1 ppm), Second-Order Quadrupolar Product PQ (±0.5 MHz), and Fractions of
the Diﬀerent Aluminum Sites (±5%) in 0.5Al2O3−xSiO2 Glasses
a
Al(IV) Al(V) Al(VI)
x δcs
iso (ppm) PQ (MHz) fraction (%) δcs
iso (ppm) PQ (MHz) fraction (%) δcs
iso (ppm) PQ (MHz) fraction (%)
1 68 5.4 31 37 5.1 46 6 4.1 23
2 66 5.5 36 37 5.2 44 5 3.9 20
3 61 5.3 35 34 4.6 41 4 4.2 24
4 61 6.5 36 33 5.3 46 4 4.6 18
5 59 6.5 37 32 5.2 41 3 4.1 22
6 60 5.8 35 33 4.8 41 3 4.2 24
1-crys 67 5.5 4 4.8
53 4.7
44 2.9
3-crys 66 5.3 5 5.0
54 4.6
45 2.8
mullite 68 3.9 6 3.9
53 3.3 refs 54, 55
45 2.2
andalusite 35.2 5.6(0.76) 11.9 15.3(0.13) refs 51, 52
sillimanite 64.5 6.8 4.0 8.9 ref 50
kyanite 4.0 3.8(0.85) refs 51, 52
5.7 6.4(0.70)
5.9 9.2(0.38)
13.0 10.1(0.27)
aIn the case of crystalline model compounds, the CQ and η values (in italics) are listed.
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comparing the experimental ⟨mAl⟩ values with those predicted
by the segregation scenarios (b) and (c). Figure 10 indicates
that chemical segregation clearly becomes very important in the
x = 2 sample, where the experimental ⟨mAl⟩ value is very close
to that predicted for the sillimanite segregation model (Si/Al
ratio of 0.5). Likewise, for the x = 1 sample, the ⟨mAl⟩
Figure 9. 2Q−1Q correlation spectra of 0.5Al2O3−xSiO2 samples. (a) Crystalline sample with x = 1, (b) glass with x = 1, (c) glass with x = 2. Right
parts of the spectra show 1-D cross-sections at selected frequencies (marked in the double-quantum dimension by horizontal dashed lines), showing
the relevant correlations.
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parameter approaches that of mullite (Si/Al ratio between 0.25
and 0.33), clearly evidencing segregation eﬀects beyond those
expected from statistical considerations. We emphasize,
however, that the quantity ⟨mAl⟩ gives only a total assessment
of segregation tendency and no local information. As shown in
Figure 7 the distributions of the local environments actually
present in these glasses are rather diﬀerent from the bimodal
Q(4)4Al/Q
(4)
0Al distributions implied in scenario (c) (mullite
segregation), and the same would be true for scenario (b)
(sillimanite segregation). Also, the segregated domains must be
rather small, as random spot SEM X-ray ﬂuorescence analysis
indicates no compositional heterogeneity on the length scale of
1 μm. In addition, TEM micrographs indicate no morpho-
logical heterogeneities in the glassy state, whereas phase
separation on the 50 nm scale is clearly visible for the
crystallized samples (see Supporting Information, Figure S2). A
possible model that reconciles all of these observations (in
particular the wide Q(4)mAl distribution) involves the formation
of aluminum silicate nanoclusters having a certain Si/Al
gradient across their diameter (either a silica-rich core with
an Al-enriched surface or vice versa). Such a model appears
plausible in view of the results of additional studies,23 indicating
that Si−O−Aln bond formation occurs only as the ﬁnal step
subsequent to the polycondensations of the separate silica and
alumina networks. This ﬁnal step, which involves the
interpenetration of silica-rich and alumina-rich networks, is
diﬀusion-limited and may account for composition gradients at
the nanoscale.
■ CONCLUSIONS
In conclusion, insights into the medium-range structure of
transparent mesoporous sol−gel glasses have been obtained in
the system Al2O3−SiO2. The local structural organization and
the spatial distribution on the nanoscale have been investigated
by a variety of standard and advanced solid-state 27Al and 29Si
single- and double-resonance experiments. In this context
29Si{27Al} REAPDOR experiments are particularly instrumental
for detecting Si−O−Aln linkages and estimating their
concentrations. Furthermore, 27Al SQ−DQ correlation experi-
ments prove the close spatial proximity of the diﬀerent Al(IV),
Al(V), and Al(VI) environments among and between each
other. The quantiﬁcation of Si−O−Aln linkages suggests that
these materials are in a state of maximum possible aluminum
dispersion for Si/Al ≥ 3. Even so, based on bond valence
considerations close Al···Al interactions are expected locally, as
a consequence of three-coordinated oxygen species. The extent
of compositional segregation increases in glasses with higher Al
contents (Si/Al < 3). These latter glasses may consist of
amorphous nanoclusters having a certain Si/Al gradient across
their diameter. For the optical application ﬁeld, the large degree
of homogeneity and the well-dispersed Al species in these sol−
gel glasses make them attractive for doping with luminescent
rare-earth ion emitters. In particular, the large amount of rare-
earth ion species that can be accommodated in this fashion
bodes well for the simultaneous doping of suitable energy
transfer couples (such as Yb/Tm) at moderately high
concentrations.
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